F oliar fertilization, or frequent spray application of soluble nutrient forms, is an increasingly popular method of ensuring golf course putting green nutritional sufficiency in season (Zhu et al., 2012) . A common component of commercial liquid fertilizers, urea-N is routinely applied by golf course superintendents (Zhu et al., 2016) .
Urea is subject to one of two outcomes following foliar application. The more desirable is plant assimilation via passive transport into the symplast (Kojima et al., 2007) . Such assimilation of foliarly applied urea-N by creeping bentgrass (Agrostis stolonifera L.) can exceed 7 kg ha -1 d -1 (Stiegler et al., 2011a) . Alternatively, foliarly applied urea is hydrolyzed into ammonia (NH 3 ) and carbon dioxide (CO 2 ) by urease (Chin and Kroontje, 1963) , an enzyme ubiquitous to soil, thatch, and turfgrass leaf and shoot surfaces .
Edaphic and/or environmental conditions, as well as the position of urea at hydrolysis, significantly influence the fate of its products (Petrovic, 1990; . Incorporation of urea into acidic soil facilitates transformation of NH 3 into the plant-available NH 4 + form (Koelliker and Kissel, 1988, Rochette et al., 2013) . Likewise, NH 3 volatilization from turfgrass fertilized by spray-applied urea-N has been significantly mitigated by subsequent irrigation (Bowman et al., 1987; Titko et al., 1987) .
Current best management practices include prompt but judicious "wateringin" of urea fertilizer applications to turfgrass (Carrow et al., 2001; Landschoot, 2017; VGCSA, 2012 ). Yet prioritization of playing conditions, limited opportunity, and/or explicit label instructions for products included in spray applications to putting greens often preclude practical consideration of irrigation or rainfall concomitance when scheduling foliar urea fertilization events.
To address this problem, N-(n-butyl) thiophosphoric triamide (NBPT, C 4 H 14 N 3 PS) is one of a few compounds so dependably inhibitive of urea
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Abstract: Low cost, high N content, and favorable handling characteristics of urea fertilizer (46-0-0) make its use common in turfgrass management. While many investigations confirm incomplete recovery of foliarly applied urea-N by turfgrass putting greens, the efficacy of urease-inhibiting additives, calcium-maleicitaconic polymer or N-(n-butyl) thiophosphoric triamide (NBPT), in preventing NH 3 volatilization is currently undocumented. Furthermore, NH 3 emissions reduce air and water quality. From 2014 to 2015, NH 3 volatilization was measured 0 to 24 h following foliar application of conventional or stabilized urea fertilizers to 'Penn G2' creeping bentgrass (Agrostis stolonifera L.) putting greens at a 20 kg ha -1 N rate in four separate trials. Using a 63% trapping-efficiency flux chamber system under the duration and conditions described, 11.1% of conventional or calcium-maleic-itaconic polymer-amended urea-N was lost as NH 3 . Alternatively, combined amendment by NBPT and dicyandiamide (DCD) prevented 1.3 to 1.4 kg ha -1 NH 3 -N emissions, reducing volatilization loss to only 3.8 to 4.6% of the foliarly applied urea-N. 
Core Ideas
• Specific circumstances may limit use of all existing turfgrass best management practices.
• Urea fertilizer amended by biological inhibitors was foliarly applied to turfgrass.
• Flux chambers were used to measure NH 3 volatilization over 24 hours.
• Addition of NBPT+DCD to aqueous urea significantly inhibited NH 3 volatilization.
• Commercial or on-site NBPT+DCD amendment of urea reduced NH 3 -N loss by 6.5 to 7.3%.
Abbreviations: DCD, dicyandiamide; LA, liquid additive; NBPT, N-(n-butyl) thiophosphoric triamide; PPD, phenyl-phosphorodiamidate; SU, stabilized urea; U, urea.
hydrolysis that it has been commercially adopted (Kiss and Simihaian, 2002) . Under aerobic conditions, this soluble alkane decomposes to N-(n-butyl) phosphorotriamide (McCarty et al., 1989) and inhibits urease activity by forming a tridentate bond that binds its active site (Manunza et al., 1999) . Meta-analyses indicated NBPT amendment of urea supports a near 50% relative reduction in NH 3 loss following broadcast application of urea to agricultural and horticultural production systems (Abalos et al., 2014; Pan et al., 2016; Silva et al., 2017) . More recent field evaluations assessing NH 3 volatilization further confirmed the benefits of complementing 100 to 175 kg ha -1 urea-N applications with 0.2% NBPT (Cantú et al., 2017; Del Moro et al., 2017; Engel et al., 2017; Martins et al., 2017; Mira et al., 2017) .
Turfgrass field experiments evaluating NBPT amendment on recovery-loss of liquid urea-N fertilizer application are comparatively limited and report mixed results. Amendment of a 49-kg urea-N application with 0.245, 0.49, or 0.98 kg NBPT ha −1 (0.5, 1, or 2% by mass) significantly increased Kentucky bluegrass (Poa pratensis L.) clipping yield relative to urea alone. Over the four 4-d volatilization measurement periods, nearly 18% of the unamended urea treatment volatilized as NH 3 -N. Specific rate notwithstanding, addition of NBPT significantly reduced 4-d cumulative NH 3 volatilization to 7% of fertilizer-N applied (Joo et al., 1987) .
In a later field study using similar culture of Kentucky bluegrass, Joo et al. (1991) reported that 0.25% amendment of urea-N by NBPT (0.12 kg ha ) to Kentucky bluegrass, Waddington et al. (1993) concluded the results did not support routine NBPT amendment of urea applications to turfgrass.
Equally limited, yet perhaps more consistent, are conclusions drawn from growth chamber evaluations describing combined urea and urease-inhibitor treatment(s) sprayapplied to turfgrass. Five weeks after drenching perennial ryegrass (Lolium perenne L.) pots with solutions supplying 56.6 kg ha -1 urea-N alone or in combination with NBPT, phenyl-phosphorodiamidate (PPD), or hydroquinone, mean N recovery in shoots receiving urea + NBPT significantly exceeded levels observed in all other treated pots (Liantie et al., 1993) . A laboratory bench experiment by Joo et al. (1992) evaluated NH 3 evolution from Kentucky bluegrass pots maintained in flux chambers 0 to 7 d following spray application (500 L ha ). Seven days after treatment, half of the unamended urea-N had volatilized as NH 3 . Yet over the same period, only 33 or 23% of the urea-N was lost from pots treated by 0.25 kg ha -1 PPD or NBPT, respectively. Emission of NH 3 reduces air quality and contributes to nonpoint nutrient loading of surface water resources (Dennis et al., 2013) , thus necessitating its accurate quantification. Given modern golf course superintendents' commitment to environmental quality, worker safety, natural resource conservation, and turfgrass health, their effective management of nutrients relies on availability of practical field research results. The objective of this research was to evaluate the efficacy of calcium-maleic-itaconic polymer or NBPT+DCD additives in preventing NH 3 -N volatilization 0 to 24 h following foliar (unincorporated) application of urea fertilizer to putting greens.
Materials and Methods
The edaphic and cultural specifications of the experimental system, a mature 'Penn G2' creeping bentgrass putting green, have recently been described (Schlossberg et al., 2017) . Analysis of soil collected from the upper 12 cm of the profile in July of all years indicated neutral soil pH and limited availability of soil NO 3 and/or NH 4 . The experimental area was mowed 5 Aug. 2014, and six 1.83-by 0.91-m (1.67-m 2 ) plots, installed in each of five blocks, were prepared for flux chamber installation (Schlossberg et al., 2017) . Fully dissolved 20-kg urea-N ha -1 fertilizer treatments (Table 1) and a deionized H 2 O control treatment were randomly selected and assigned to plots. A CO 2 -powered backpack sprayer applied all treatments in 815 L ha -1 carrier volume, via a single nozzle spray-wand equipped with a 25-mesh nozzle strainer and an air induction even-spray tip (TeeJet AI9508EVS, Spraying Systems Co.).
A flux chamber was installed immediately following each treatment application, and all treatments were applied in each block before progressing to the next block. Deionized H 2 O was used to rinse sprayer components and confirm the sprayer calibration after each treatment application. Once all treatments were applied, chambers installed, and the scrubbing flask/manifold/vacuum splitter connections secured, the fan loop and vacuum pump were actuated to draw 0.14 m 3 min -1 (Schlossberg et al., 2017) . Gas scrubbing flask contents were collected from each plot in the order the foliar treatments were applied 24 h previous, the typical duration golf course superintendents withhold irrigation and/or mowing following spray applications to putting greens (Stiegler et al., 2011b) . All equipment was then removed and the field experiment terminated. Identical studies were conducted in previously unused quadrants of the described putting green 27 to 28 August 2014, 1 to 2 Sept. 2015, and 3 to 4 Sept. 2015.
The mean pH level of the three, field-dispensed, 1% (w/w) boric acid trip blanks collected from each experiment run was determined. A 15-mL sample of each recovered boric acid solution was transferred by pipette and titrated to its collection-date specific pH endpoint using a digital burette and standardized 0.01 M HCl. The volume of each remaining sample was measured by graduated cylinder and recorded. Titrated NH 3 -N for each flux chamber (per 24-h period) was calculated as shown (Eq. [1]):
To determine volatilized NH 3 -N from treatment, titrated NH 3 -N (kg ha
) was multiplied by its specific ratio of collected-to-titrated boric acid, then corrected for background NH 3 -N by subtracting volatilized NH 3 -N measured from the control plot within its block (Schlossberg et al., 2018) . A trapping-efficiency trial was run as a sixth, three-plot block during the field experiment initiated 3 Sept. 2015 (Schlossberg et al., 2017) .
Volatilized NH 3 -N (kg ha -1 ) data were combined for global analysis using PROC MIXED (SAS Institute, v. 8.2). Experiment run, block (nested in run), and all subsequent interaction sources were designated as random variables (McIntosh, 1983) . Significance of the fixed N-fertilizer treatment effect was F-tested by its respective experiment run interaction term (df = 12). A single degree of freedom contrast compared mean volatilized NH 3 from urea-N to each stabilized, liquid-amended, or solid-amended urea treatment.
Results
Over the four precipitation-free data collection periods, 24-h mean air temperatures (n = 4) were observed over a range of 21.3 to 24.3°C. Likewise, 24-h minimum air temperatures (n = 4) spanned from 14.5 to 17.5°C, and maximum air temperatures (n = 4) from 30.3 to 32.5°C. Mean volatilized NH 3 -N levels from control plots (n = 20) equaled 0.03 kg ha . Individual Type 3 analyses of variance identified fertilizer treatment as a significant influence of corrected NH 3 -N volatilization (P < 0.0001); thus, results are pooled over experimental runs.
Mean volatilized NH 3 -N recovered in the chamber trapping-efficiency trial (n = 3) was 12.6 kg ha -1
. Assuming complete conversion of NH 4 + to NH 3 within the 10-mL aliquots of 0.16 M (NH 4 ) 2 SO 4 over the 24-h experimental period, the trapped quantities of NH 3 -N signify a mean efficiency (± 95% confidence interval) of 63.0% (± 8.4%) for the fluxchamber systems. The imposed 2.7 min -1 flux-chamber exchange rate did not approach that recommended by Kissel et al. (1977) but mirrored that used by Joo et al. (1987) . The reciprocal (1.59) of the trapping efficiency (0.63 g g -1
) was used as a multiplier to calculate chamber efficiency-adjusted NH 3 -N volatilization. Chamber efficiency-adjusted mean NH 3 -N volatilization estimates for each treatment are presented (Fig. 1) .
Mean NH 3 -N volatilization from 20 kg N ha -1 applications of urea alone (U) or in combination with the liquid additive (U + LA) each equaled 2.2 kg ha -1
. Mean NH 3 -N volatilization from equal urea delivered by the stabilized urea fertilizers-SU-1 or SU-2-equaled 0.9 kg ha -1
. Likewise, mean NH 3 -N volatilization from the solid additive and urea treatment (U + SA) equaled 0.8 kg ha
. As a fraction of the 20 kg ha -1 urea-N foliar treatment made 24 h previous, chamber efficiency-adjusted NH 3 -N volatilization estimates equal 11.1% for urea (U) and liquid-amended urea (U + LA), 4.6% for either stabilized urea (SU-1 and SU-2), and 3.8% for the solid-amended urea (Fig. 1) . 
Discussion
Turfgrass requires greater quantities of N than any other mineral nutrient, and N sufficiency is promptly supported by application of soluble N fertilizer(s), such as urea. While comparatively improved recovery of foliar urea-N by putting greens is associated with decreasing rate of urea-N application (Stiegler et al., 2011a; Zhu et al., 2016) , flux-chamber measures of NH 3 volatilization arising from Kentucky bluegrass 4 or 8 d following foliar application of at least two urea-N rates did not significantly influence loss as a percentage of urea-N applied (Simpson and Melsted, 1962; Wesely et al., 1987) . Thus, similar NBPT+DCD-induced reduction in NH 3 -N volatilization is expected from lesser foliar urea-N applications made under similar climatic and cultural conditions. Current best management practices, such as incorporation of urea fertilizer into the soil by coincidental rainfall or scheduled irrigation event(s), may be precluded by inopportunity, putting green playability requirements, and/or explicit label instructions for products already included in the spray tank. When such circumstances prevail over the 24-h period following foliar application, our field research shows commercial or on-site NBPT+DCD amendment of urea prevents respective volatilization of 1.3 or 1.4 kg NH 3 -N ha -1 and indeed enhances N-fertilizer efficiency. Likewise, if no other soluble N-fertilizer source is available to support a critically important foliar application under the described conditions, NBPT+DCD amendment of urea constitutes a recommended best management practice. Numerous sources of NBPT-amended urea fertilizer, or NBPT and/or DCD additives, are available in the marketplace.
